To date, concentrations of the promising biomarker hepcidin have only been assessed in serum of relatively small series of healthy volunteers and patients. We assessed age-and sex-stratified reference ranges of serum hepcidin concentration in a selected reference set and performed regression analyses to study associations between hepcidin and (biochemical) variables in a large, wellphenotyped sample of the general population (n ‫؍‬ 2998). All participants filled out a questionnaire on lifestyle, health status, and medical history. Serum measurements of iron parameters, liver enzyme alanine aminotransferase, creatinine and C-reactive protein were available. Serum hepcidin concentrations were lower for premenopausal than for postmenopausal women (median, 4.1nM vs 8.5nM, respectively). Hepcidin concentrations in men were constant over age (median, 7.8nM). 
Introduction
Hepcidin has emerged as the central regulatory molecule of systemic iron homeostasis. 1, 2 It is a 25-amino acid peptide hormone that is produced and secreted predominantly by hepatocytes, circulates in the bloodstream, and is excreted by the kidneys. By binding to the cellular iron exporter ferroportin and inducing its internalization and degradation, hepcidin regulates cellular iron efflux. 3 In this way, the absorption of dietary iron from the intestine and the release of recycled iron derived from senescent erythrocytes are controlled. 1, 2 The synthesis of hepcidin is regulated by certain physiologic and pathologic processes. Hepcidin concentrations are decreased in situations that require increased concentrations of circulating iron. In case of increased erythropoiesis, for example in response to hypoxia, anemia, iron deficiency, or conditions characterized by ineffective erythropoiesis (eg, thalassemia major and intermedia), a decreased hepcidin concentration will result in the release of stored iron and in an increase in the dietary iron absorption. [4] [5] [6] [7] On the other hand, infection and inflammation cause an increase in hepcidin synthesis, 4, [8] [9] [10] resulting in decreased availability of circulating iron, which is considered to represent a defense mechanism of the human body against extracellularly proliferating (irondependent) pathogens. 1 In chronic (low-grade) inflammatory states, this ultimately leads to a deficiency of iron available for erythropoiesis called anemia of chronic disease. 11 Finally, hepcidin concentration is increased in situations of iron overload, 12 except for situations in which mutations in genes encoding hepcidin or its upstream positive regulators are responsible for the surplus of iron by preventing hepcidin up-regulation. 6 Although notable progression has been made in discovering the identities of hepcidin regulators involved in the aforementioned processes, we do not yet fully understand the mechanisms by which they influence hepcidin expression.
Since the discovery of hepcidin and the elucidation of its important role in iron homeostasis, 1,2 hepcidin has been suggested as a promising diagnostic marker for iron-related disorders. Determination of serum hepcidin concentration may be a helpful tool in screening for hereditary hemochromatosis, thus preventing cumbersome procedures in the search for causative (rare) genetic variants. Furthermore, hepcidin concentrations have been suggested to negatively correlate with the severity of hemochromatosis and to determine the prognosis and need for stringency of the treatment protocol. 13 Hepcidin concentrations may also be used in the management of patients with iron-loading anemias. 5 In addition, hepcidin is key in the diagnosis of iron refractory iron deficiency anemia 14 and might contribute to the diagnosis of iron deficiency in patients with anemia of chronic diseases. 15 Hepcidin might be a potential marker in the prediction of erythropoietin response and to guide treatment with erythropoietin and intravenous iron. 16 Finally, measurement of serum hepcidin concentration is of importance in the monitoring of novel therapies for iron disorders that target The online version of this article contains a data supplement.
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hepcidin, its upstream regulators, or its downstream receptor ferroportin. 17 Until now, knowledge on how hepcidin exerts its regulatory function and on the molecular processes that regulate hepcidin production is largely based on animal studies and in vitro studies, which often use hepcidin mRNA expression as a readout. 2 In addition, many studies of hepcidin in humans have relied on urinary hepcidin assays and on measurements in relatively small groups of healthy subjects or patient series with a variety of iron disorders, 2, 18 predominantly without making a distinction between sex and age, factors that most probably influence hepcidin concentration. Reference ranges of serum hepcidin concentration, based on a large subset from the general population, are instructive for the use of hepcidin as a diagnostic tool and therapeutic target in the future but are currently not available. Furthermore, knowledge on the association between potential correlates, for example markers of infection, inflammation and iron status, and serum hepcidin concentration in humans is relatively scarce, although this information could greatly contribute to understanding of the mechanisms by which hepcidin expression is influenced in vivo. There are a number of studies that reported a high correlation between serum hepcidin and serum ferritin concentration in small samples of healthy persons, [19] [20] [21] [22] but other potentially important correlates have only been investigated in animal experiments or small healthy and diseased human populations. For example, transferrin has been shown to be a major determinant of hepcidin expression in hypotransferrinemic mice, 23 and in multivariate analyses the estimated glomerular filtration rate (eGFR) was reported not to be a major independent correlate of serum hepcidin concentration in patients with chronic kidney disease. 21 However, the applicability of these and other findings to the general human population is unclear. To increase our insight in the distribution of hepcidin in human populations and to pave the way for its use in diagnostic medicine, we studied serum hepcidin concentrations and reference ranges and determined its association with selected (biochemical) parameters in a large, well-phenotyped sample of the general population.
Methods

Study population
We included 2998 participants from the Nijmegen Biomedical Study. Details of the Nijmegen Biomedical Study (NBS) have been described before. 24 Briefly, the NBS is a population-based survey conducted by the Department of Epidemiology, Biostatistics, and HTA and the Department of Laboratory Medicine of the Radboud University Nijmegen Medical Center, The Netherlands. Approval to conduct the study was obtained from the Radboud University Nijmegen Medical Center Institutional Review Board. Age-and sex-stratified randomly selected adult inhabitants of Nijmegen (n ϭ 22 451), a city located in the eastern part of The Netherlands, received an invitation to fill out a postal questionnaire on, for example, lifestyle, health status, and medical history, and to donate an 8.5-mL blood sample in a serum separator tube and a 10-mL ethylenediaminetetraacetic acid blood sample. A total of 9350 (43%) persons filled out the questionnaire, of which 6468 (69%) responders donated blood samples between 8 AM and 9 PM; time of blood sampling was recorded. Before the procedure, described earlier in this paragraph, a pilot study was performed to optimize the logistical procedures of the NBS. The pilot study entailed a random sample of 650 male and female inhabitants of Nijmegen age more than or equal to 18 years; 342 subjects (53%) filled out the questionnaire, and 262 (77%) of the responders donated a blood sample. All participants gave written informed consent for participation in the NBS.
For this study, serum hepcidin concentration was measured in 2998 of the total 6730 available serum samples. Serum measurements of iron, ferritin, total iron binding capacity (TIBC), liver enzyme alanine aminotransferase (ALT), creatinine, and C-reactive protein (CRP) were previously performed in all available serum samples.
The following variables were extracted from the self-administered questionnaire: length, weight (used to derive body mass index [BMI]), age, use of iron supplements at time of blood donation for at least 6 months, presence of anemia determined by a physician, being a blood and/or plasma donor, pregnancy, and presence of a regular menstruation.
Laboratory methods
Serum hepcidin concentration was measured with a competitive enzymelinked immunosorbent assay as described before. 25 In short, 96-well plates were coated overnight at 4°C with goat anti-rabbit IgG (Fc) antibody, washed, and then blocked with bovine serum albumin (2 hours, ambient temperature), washed, and thereafter incubated with an in-house raised rabbit anti-human hepcidin antibody 26 (2 hours, ambient temperature) and again washed. Next, the standards, study samples (20-fold diluted), and a reference sample were pipetted into the wells. Subsequently, biotinylated hepcidin-25 calibrator was added to all wells, and the plates were incubated overnight at 4°C. After washing, the plates were incubated with streptavidin-␤-peroxidase conjugate for 1 hour at ambient temperature, again washed, and then o-phenylenediamine substrate was added and incubated for 15 minutes in the dark. The color reaction was stopped with H 2 SO 4 , and optical density was measured at 492 nm in an automated c-enzyme-linked immunosorbent assay reader. In each plate, a standard curve and the reference preparation were present. This reference preparation was used for estimation of the accuracy of the method. In total, 86 microtiter plates were used in 15 different assay runs. The mean hepcidin concentration in this preparation was 6.87nM, whereas the intra-assay variation, the betweenplates variation, and inter-assay variation were 6.3%, 5.5%, and 11.9%, respectively. The intra-assay, inter-assay, and between-plates variations were calculated from the results obtained in the reference preparation. In 86 plates, the reference preparation was measured in duplicate and the calculated concentrations in each plate were used to establish the intraassay variation. The mean hepcidin concentration per plate was used for calculation of the between-plates (inter-day) variation and the inter-assay variation. The analytical sensitivity, defined as the minimum hepcidin concentration evoking a response significantly different from that of the zero calibrator, was 8.96pM. As the samples were 20-fold diluted, samples found to have a hepcidin concentration less than 179pM (20 ϫ 8.96pM) were imputed with a random value out of a uniform distribution with a minimum of 0nM and a maximum of 0.18nM (n ϭ 12). Hepcidin concentrations are expressed in nanomoles per liter; 1nM serum hepcidin equals 2.79 g/L.
Total serum iron was measured by colorimetric measurement using ascorbate/FerroZine reagents (Roche Diagnostics) on an Abbott Aeroset analyzer. Unsaturated iron binding capacity was measured by adding a known quantity of Fe 3ϩ to the serum samples, reducing it with ascorbate to Fe 2ϩ and measuring it with FerroZine as described for total serum iron (Roche reagents on an Aeroset). TIBC was calculated by adding serum iron and unsaturated iron-binding capacity. Serum transferrin saturation (TS) was computed by dividing serum iron by TIBC. Serum ferritin concentration was determined by a chemiluminescent microparticle immunoassay on the Abbott Architect calibrated against the ferritin assay on the Immulite 2000 of Diagnostic Products Corporation.
Serum creatinine was measured by a kinetic alkaline picrate method on an Abbott Aeroset autoanalyzer by exploiting Bromcresol purple (Jaffe method 27 ). In view of the importance of interlaboratory and methodologic differences in the creatinine assays on results of eGFR, our creatinine data obtained by the Jaffe method were calibrated against creatinine values traceable to isotope dilution mass spectrometry. 27, 28 For this purpose, the eGFR was calculated using a reexpressed Modification of Diet in Renal Disease formula: 175 ϫ (standardized serum creatinine (in mol/L)/ 88.4) Ϫ1.154 ϫ (age in years) Ϫ0.203 ϫ 0.742 (if female). As this formula is only valid for white persons and we did not have information about race except for country of birth, we used this variable as a proxy and calculated
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ALT was measured using standard reagents in a reaction rate assay based on the conversion of nicotinamide adenine dinucleotide plus hydrogen to nicotinamide adenine dinucleotide (Abbott Reagent on Aeroset). Samples with a measurement result of less than 3 U/L were set at 2 U/L.
CRP was quantified by immunologic agglutination detection with latex-coupled polyclonal anti-CRP antibodies (Abbott Reagent on Aeroset).
Statistical analysis
Statistical analyses were performed with SPSS for Windows release 16.0.2. Distributions of serum hepcidin, serum ferritin, ALT, and BMI were skewed toward higher values; logarithmic transformations were applied to normalize the distributions. For all continuous variables, median and 2.5th and 97.5th percentiles (P2.5 and P97.5, respectively) were calculated from original untransformed values. Blood sampling time and CRP were categorized into 3 groups based on clinically relevant cutoffs. For blood sampling time, these were before 12 PM, 12 PM to 5 PM, and later than 5 PM, according to Dutch routine and in line with previously reported hepcidin concentration patterns throughout the day. 22, 29 For CRP, cutoffs of less than 5 mg/L, 5 to 20 mg/L, and more than 20 mg/L were used. Categorical variables were expressed in numbers and corresponding percentages.
Reference ranges for serum hepcidin concentration, stratified by 5-year age groups and sex, were constructed using the median, P2.5 and P97.5 per category. A reference subset was selected by excluding subjects that passed the following criteria at time of blood sampling: pregnant, ALT more than 50 U/L, CRP more than 10 mg/L, eGFR less than 60 mL/min/1.73 m 2 , use of iron supplements, presence of anemia, or BMI more than 30 kg/m 2 .
Univariable and multivariable least squares linear regression analyses were used to evaluate the associations between log-transformed serum hepcidin concentrations and selected (biochemical) variables, unadjusted and adjusted for age and time of blood sampling. The assumption of linearity between serum hepcidin concentrations and independent variables was confirmed using graphic methods. Resulting regression coefficients (␤) express the change in log-transformed serum hepcidin that are associated with a 1-unit change in the independent variable. Some of the independent variables were log-transformed as well; the interpretation of the regression coefficients for these variables is as follows: a 1% change in the independent variable corresponds to a ␤% change in serum hepcidin. The R 2 (adjusted for the number of explanatory variables in the model) was obtained to indicate the amount of variance in hepcidin concentration that was explained by the included variables. All analyses were stratified by sex.
Results
Characteristics of the study population
A total of 48% of the total study population (n ϭ 2998) was male. Median age of men was 63 years; median age of women 54 years. CRP was increased (Ͼ 20 mg/L) in 2% of the population. Serum ferritin concentration was considerably lower in women than in men, which is in concordance with the lower median iron concentration, higher TIBC, lower TS, and larger number of anemic subjects observed in women compared with men. For most subjects, blood sampling was performed between 12 PM and 5 PM. Blood sampling time distribution over the age groups was dissimilar: older persons underwent blood sampling earlier during the day (supplemental Figure 1 , available on the Blood Web site; see the Supplemental Materials link at the top of the online article). Additional characteristics of the subjects included in the study, stratified by sex, are described in Table 1 . A total of 1948 subjects (1066 men; 882 women) passed set criteria and were included in the reference set. The characteristics of the reference set are given in supplemental Table 1 .
Age-and sex-specific reference ranges for serum hepcidin concentration in the reference set Reference ranges of serum hepcidin concentration in the reference set per 5-year age group are given for men and women in Table  2 and supplemental Figure 2 . Serum hepcidin concentration in men was constant over age, with a median of 7.8nM (P2.5-P97.5, 0.6-23.3nM). Hepcidin concentrations in women trend upwards as they progress through menopause, with a median serum hepcidin concentration of 4.1nM (P2.5-P97.5, 0.4-19.7nM) for women younger than 55 years and 8.5nM (P2.5-P97.5, 1.2-24.8nM) for women 55 years of age and older. These results were confirmed by univariable regression analyses (supplemental Table 2 ): age was not associated with serum hepcidin concentration in men (␤ ϭ 0.003; 95% confidence interval [CI], Ϫ0.001 to 0.007), but it was in women, whether age was defined as a continuous (␤ ϭ 0.029; 95% CI, 0.025-0.032) or dichotomous variable (Ͻ 55 years vs Ն 55 years, based on the distinction between premenopausal and postmenopausal state using age as a proxy in the absence of information on menopausal state; ␤ ϭ 0.840; 95% CI, 0.745-0.935).
The lowest median hepcidin concentration (2.6nM; P2.5-P97.5, 0.7-10.5nM) was found in the category of women 18 to 24 years of age, whereas the highest median concentration was observed in the category of women 80 to 84 years of age (11.9nM; P2.5-P97.5, 1.6-19.2nM). Serum hepcidin concentrations lower than the detection limit of 0.18nM were observed for both men (n ϭ 4) and women (n ϭ 5). Serum hepcidin concentration varied substantially between subjects, which is reflected in wide reference ranges.
As hepcidin concentrations in serum follow a clear circadian rhythm, 22, 29, 30 we considered the influence of time of blood sampling on serum hepcidin reference ranges by calculating reference ranges stratified for time of blood sampling divided in 3 categories: before 12 PM, 12 PM to 5 PM, and later than 5 PM (supplemental Tables 3-5) . Serum hepcidin concentration in men who underwent blood sampling in the morning (before 12 PM) was lower compared with the concentration in men who donated blood after 12 PM (12 PM to 5 PM vs before 12 PM: ␤ ϭ 0.427; 95% CI, 0.315-0.539; after 5 PM vs before 12 PM: ␤ ϭ 0.366; 95% CI, 0.225-0.508; supplemental Table 2 ). This effect did not change by adjusting for age. In women, a similar effect was observed for hepcidin concentration in blood sampled between 12 PM and 5 PM compared with morning samples (␤ ϭ 0.416; 95% CI, 0.287-0.546), but the hepcidin concentration was only slightly elevated in samples obtained after 5 PM compared with morning samples (␤ ϭ 0.080; 95% CI, Ϫ0.087 to 0.247). However, adjusting for age increased the regression coefficient in women for samples obtained after 5 PM compared with morning samples to 0.305 (95% CI, 0.150-0.460; data not shown). The regression coefficient for samples obtained between 12 PM and 5 PM compared with morning samples did not change by adjusting for age. Hence, time of blood sampling has an effect on serum hepcidin concentration that is independent of age and sex.
Finally, we assessed serum hepcidin reference ranges after the additional exclusion of persons with a serum ferritin concentration less than 30 g/L (supplemental Table 6 ). Hepcidin reference ranges in these non-iron-deficient subjects were slightly elevated compared with the ranges presented in Table 2 , especially in premenopausal women. 
Biochemical correlates of serum hepcidin concentration
The results of the univariable linear regression analyses are presented in supplemental Table 2 . Results of regression analyses after adjustment for age and time of blood sampling (Table 3) are discussed in this paragraph. These analyses revealed ferritin to be most strongly associated with serum hepcidin concentration. The relation between serum ferritin and serum hepcidin was positive for both men and women with adjusted regression coefficients of 0.806 (95% CI, 0.770-0.843) and 0.853 (95% CI, 0.813-0.892), meaning that a 1% change in serum ferritin in micrograms per liter is associated with a 0.81% and 0.85% change in serum hepcidin concentration (nanomoles per liter), respectively. TIBC demonstrated a negative association with serum hepcidin (men: ␤ ϭ Ϫ0.033; 95% CI, Ϫ0.038 to Ϫ0.028; women: ␤ ϭ Ϫ0.027; 95% CI, Ϫ0.032 to Ϫ0.022). A positive association between BMI and serum hepcidin concentration was observed, but this association was not statistically significant in men. Additional statistically significant associations in men after adjustment for age and time of blood sampling were found for increasing serum hepcidin concentration and iron, TS, and CRP (Table 3) . ALT and eGFR were not statistically significantly associated. In women, additional statistically significant associations adjusted for age and time of blood sampling were observed for iron, TS, ALT, eGFR, and CRP (Table 3) .
A sex-specific multivariable model was constructed that included age and time of blood sampling and those variables that showed a P value less than .05 for association with hepcidin concentration after adjustment for age and time of blood sampling. For men, these were ferritin, iron, TIBC, and CRP; for women, these were BMI, ferritin, iron, TIBC, ALT, eGFR, and CRP (Table  3) . TS was omitted as it is derived using TIBC and iron. In men, independent correlates in the multivariable model for serum 
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Discussion
Our data provide age-and sex-specific reference ranges of serum hepcidin concentration in a large reference population. We demonstrated that serum hepcidin concentrations are lower for premenopausal than for postmenopausal women but are constant over age in men. In addition, our results confirm previous reports about the circadian rhythm of hepcidin. Based on regression analyses results, we report a strong association between serum hepcidin concentration and serum ferritin in both men and women, which explained approximately 60% of total hepcidin variance. This finding withstood adjustment for other (biochemical) variables: BMI, age, iron, TIBC, ALT, eGFR, CRP, and time of blood sampling.
For the calculation of serum hepcidin concentration reference ranges, we selected a reference subset excluding persons with characteristics evidently influencing hepcidin concentration and thus explicitly warranting specific serum hepcidin reference ranges, namely, characteristics that indicate conditions with (1) low hepcidin concentration associated with increased iron demands or decreased synthesis (ALT Ͼ 50 U/L, pregnancy, and anemia), and (2) increased hepcidin concentration associated with (low-grade) inflammation (CRP Ͼ 10 mg/L and BMI Ͼ 30 kg/m 2 ), increased iron concentration (use of iron supplements), or decreased elimination (eGFR Ͻ 60 mL/min per 1.73 m 2 ). 1, 2, 8, 10, 19, 21, [31] [32] [33] [34] Table 6 for serum hepcidin reference ranges after the additional exclusion of persons with a serum ferritin concentration Ͻ 30 g/L. Ref indicates reference category. *The dependent variable hepcidin was log-transformed before inclusion in the models. Thus, the ␤ values express the changes in log-transformed hepcidin (nM) that are associated with a 1-unit change in the dependent variable, except for ␤ values marked with " ‡."
†BMI was included as continuous variable in the regression models. ‡Both the dependent and independent variables were log-transformed before inclusion in the linear model. Interpretation of these ␤ values is as follows: a 1% change in the independent variable corresponds to a ␤ % change in the dependent variable.
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For personal use at UNIVERSITEITSBIBLIOTHEEK on July 8, 2011. bloodjournal.hematologylibrary.org From Variation in hepcidin concentration over age differed between men and women. Men showed a stable hepcidin concentration, although a nonsignificant trend for an age-related increase in serum hepcidin was previously reported based on 65 men. 22 In women, serum hepcidin concentration was substantially higher for postmenopausal than for premenopausal women, although we used age as a proxy in the absence of information on menopausal state of the women. Nevertheless, higher serum hepcidin concentration in postmenopausal women is in agreement with the observation that ferritin concentrations tend to increase sharply as women progress through menopause. 35, 36 Serum hepcidin concentrations were elevated for men older than 85 years, supporting a role of hepcidin in anemia of the elderly. 37 However, an opposite effect was observed for women, and the number of men and women in this age category may be too low (7 and 9, for men and women, respectively) to draw conclusions.
Our serum hepcidin reference ranges are in concordance with hepcidin concentrations in healthy controls previously reported by our group and others. 20, 26, 29, 38 However, Ganz et al 22 reported much higher median hepcidin concentrations for their series of healthy volunteers. In addition, they found a significant sex difference in serum hepcidin that was far more pronounced than the overall differences between men and women that we observed, which might be because of the lower median age for women (32.6 years) in their study compared with that in our population (55 years). The difference in absolute hepcidin concentrations between the 2 studies could have been caused by the application of different hepcidin assays. 39 In the past few years, hepcidin assays have been developed on mass spectrometry platforms, and more recently also immunochemical methods have become available. In patients with diseases associated with substantially elevated hepcidin concentrations or a decrease in renal clearance, we found that our immunochemical assay measured relatively higher concentrations than mass spectrometry methods, most probably because an immunochemical method lacks the selectivity to distinguish hepcidin-25 from its isoforms hepcidin-20 and -22, which are prevalent in these diseases. 25 However, in our experience with the exploitation of time-of-flight mass spectrometry techniques, hepcidin isoforms are rare in reference populations. 25 Moreover, the study of Ganz et al 22 and our current study used similar immunochemical methodologies, although antibodies might differ. This apparent difference in absolute hepcidin concentrations between the various assays around the world 39 clearly illustrates the need for harmonization. In this context, it is worth mentioning that in the most recent worldwide send-out of samples (the so called round robin 2), which took place in the spring of 2010 among 18 centers, including 22 methods for measuring plasma hepcidin, we obtained data that will allow us to generate regression equations for hepcidin results measured by the various methods in various laboratories and thus to define hepcidin reference ranges for universal use (J.J.K., D.W.S., et al, manuscript in preparation).
We observed a trend of increasing hepcidin concentration during the day, consistent with previous reports. 22, 26, 29, 30, 38 In addition, this is in agreement with the observation that hepcidin expression is regulated by transcription factors, such as upstream stimulatory factor and c-Myc/Max through E-boxes, as genes that are regulated through E-boxes, including the Clock genes period, timeless, and clock, tend to be under circadian rhythmic transcriptional control. 40 However, circadian variation in hepcidin could be secondary as well (eg, driven by variation in iron intake during the day). There is currently no evidence to support either a primary or secondary circadian variation in hepcidin. Nevertheless, because of the daily variations in serum hepcidin concentration, we adjusted for time of blood sampling in our association analyses to correct for its potential confounding influence.
Serum ferritin was shown to be the most important correlate of serum hepcidin concentration. A positive regression coefficient was found, indicating that increased serum ferritin concentration is associated with increased serum hepcidin concentration, which has consistently been reported before. [19] [20] [21] [22] Iron, TIBC, and TS only showed moderate associations with serum hepcidin, but directions of the effects were in accordance with expectations. Increasing iron concentration and TS were associated with increased hepcidin concentrations. This may suggest that TS determines hepcidin *The dependent variable hepcidin was log-transformed before inclusion in the models. Thus, the ␤ values express the changes in log-transformed hepcidin (nM) that are associated with a 1-unit change in the dependent variable, except for ␤ values marked with " ‡."
SERUM HEPCIDIN IN THE GENERAL POPULATION e223
For personal use at UNIVERSITEITSBIBLIOTHEEK on July 8, 2011. bloodjournal.hematologylibrary.org From concentration, confirming hepcidin's proposed role in counterregulating increased body iron concentration by decreasing iron absorption and macrophage iron release. However, the crosssectional design of our study does not allow assessment of causality. TIBC showed a negative relation with serum hepcidin, which corresponds to the observation that TIBC increases in situations of low iron status. The association between hepcidin on one side and serum iron concentration on the other disappeared after incorporation of variables, which were significant in a model adjusted for age and time of blood sampling: ferritin, TIBC, and CRP for men and BMI, ferritin, TIBC, ALT, eGFR, and CRP for women. Similarly, the association between hepcidin and BMI in women became nonsignificant after inclusion of these variables in the model. CRP showed a positive and significant association with serum hepcidin concentration, both in men and women, which is in accordance with the theory that inflammation and infection cause an increase in hepcidin production. 1, 2, 4, [8] [9] [10] [11] However, this effect was substantially reduced in women after inclusion of BMI, ferritin, TIBC, ALT, and eGFR, indicating that the association between CRP and serum hepcidin was confounded by these variables. ALT and serum hepcidin concentration showed a positive association when adjusted for age and time of blood sampling only, but this effect became negative after adjusting for BMI, ferritin, iron, TIBC, eGFR, and CRP as well. ALT is a marker of hepatocyte damage; thus, it is not surprising that increasing ALT concentrations are associated with decreasing hepcidin concentrations because hepcidin is predominantly produced by these cells. 2 Notably, causal relationships cannot be deduced from the regression analyses of the current study.
Our study has some limitations. First, in the absence of a definition of "health" of a reference population, the exclusion criteria applied in this study to generate reference ranges could be debated, even though carefully selected. Moreover, hemoglobin values were not measured in our study population, and we therefore used self-reported anemia as a proxy for low hemoglobin concentrations as a exclusion criterion for the reference set. In addition to data on presence or absence of anemia, information about BMI, pregnancy, and use of iron supplements was also obtained using self-administered questionnaires. Thus, persons who were unaware of having one of the characteristics used for exclusion or who reported false answers might mistakenly be included in the reference subset. However, because we used a large study population, we expect that this potential misclassification has not influenced the hepcidin reference ranges. Furthermore, we applied age as a proxy for menopausal state using a cutoff of 55 years. Finally, we included subjects in the reference set with missing values for exclusion variables, but this did not influence reference ranges (data not shown).
We observed a high degree of interindividual variance in serum hepcidin concentration. This implicates that population-based reference ranges may have limitations when used for the interpretation of individual hepcidin concentrations. It appears that hepcidin values, like other hormones, should be interpreted as (in)appropriate in the context of indices of iron metabolism.
In conclusion, we provide age-and sex-specific reference ranges of serum hepcidin concentration. Until reliable (commutable) calibrators become available for harmonization of the current differences in hepcidin results obtained by the various assays, our reference ranges can be made appropriate for universal use by exploiting algorithms derived from regular worldwide assay comparison studies. Universal hepcidin reference ranges enable translational scientists as well as physicians in clinical practice around the world to compare hepcidin concentrations and to collectively define criteria for the use of hepcidin assays in diagnosis, staging, monitoring, and assessing treatment indication of iron disorders. Furthermore, our data provide insight in (biochemical) correlates of serum hepcidin concentration, designating serum ferritin as by far the most important associate of serum hepcidin concentration. This association was robust to adjustment for other iron parameters and biochemical variables measured in this study. However, no inference can be made about causality based on our current study; thus, it is impossible to state whether it is the serum ferritin concentration that determines the serum hepcidin concentration or the other way around. We emphasize the importance of additional studies that do allow elucidation of causality between hepcidin, ferritin, and other (biochemical) variables that may be associated with serum hepcidin concentration but were not evaluated in this study.
